To determine whether tympanic membrane (TM) electrodes induce behavioral pure-tone threshold shifts.
INTRODUCTION
Electrocochleography is a technique used to measure electrical potentials of the inner ear and auditory nerve. Recording electrodes can be placed on the scalp, earlobe, ear canal wall, tympanic membrane (TM), cochlear promontory, or round-window. TM electrodes provide superior signal to noise ratios compared with other extratympanic electrodes and are a noninvasive alternative to using trans-tympanic electrodes, which require a tympanotomy. Electrocochleography with a TM electrode has been used for a wide variety of clinical (e.g., Ferraro 2010) and basic investigation purposes (e.g., Lichtenhan & Chertoff 2008; Chertoff et al. 2010; Lichtenhan et al. 2015) ; however, no experiment has investigated the effects of TM electrode placement and contact location on behavioral hearing thresholds.
TM electrodes are typically retained in the ear canal and held against the TM using expanding foam tips of insert earphones. This placement technique, however, may influence sound transmission through the middle ear from the weight of the electrolyte gel and pressure applied to the TM electrode by the expanding foam tip. Shifts in behavioral pure-tone thresholds induced by TM electrodes would indicate an attenuation of sound energy reaching the cochlea, which in turn would be expected to increase physiologic threshold estimates and yield poorer waveform morphology and signal to noise ratios at suprathreshold stimulus levels. Depending on the frequency specificity of such effects, physiologic responses to some stimuli may be more attenuated than others. In the original report describing TM electrodes, Stypulkowski and Staller (1987) did not observe changes in audiometric thresholds after electrode placement in three subjects. The location of electrode contact on the TM was not reported, although this is an important consideration because vibration patterns vary across the TM surface (e.g., Cheng et al. 2013) .
MATERIALS AND METHODS

Participants
The University of Arizona Human Subjects Protection Program approved the methods used in this study. Participants were 28 (18 females) adults (average age 23.9 years, SD = 3.6). None reported otopathology, occupational, or recreational noise exposure. Otoscopy examinations found that all ear canals were free of excess cerumen and that TMs appeared healthy. Tympanometry was within normal limits (Gelfand 2009 ) bilaterally.
Stimuli
Pure-tone stimuli were generated and attenuated with a portable audiometer (Maico MA 41). The pure tones were presented via Etymotic Research ER-3A insert earphones (ER-3A, Elk Grove Village, IL) coupled to the ear with 13 mm ER3-14A foam ear tips. In all subjects, the foam ear tips were deeply inserted, as recommended by the manufacturer.
TM Electrode
TM electrodes were constructed using a standardized assembly protocol based on the study of Ferraro and Durrant (2002) , with the exception that the distal end of the 0.1 mm gauge silver wire was not soldered to an alligator clip and was instead coupled to a connector suitable for our amplifier (Intelligent Hearing Systems, Miami, FL). A 27-gauge needle and 1-cc syringe was used to saturate the cotton-tipped proximal end of TM electrodes with Synapse electrode cream (Kustomer Kinetics, Arcadia, CA).
Procedures
Participants were assigned to either control (n = 10, 6 females) or test (n = 18, 12 females) groups. First, right ear pure-tone thresholds at 250 to 8000 Hz were quantified using the modified Hughson-Westlake procedures with a 5 dB ascending step size (Carhart & Jerger 1959) . The earphone tip was removed after the initial pure tone test. Control group participants had the earphone tip re-inserted and pure-tone threshold tests were repeated for the right ear. The purpose of the control group was to document test-retest variability in thresholds attributable to inserting, removing, and reinserting earphones without the influence of a TM electrode. TM electrodes were placed in the right ears of the test group subjects and advanced until the TM was contacted; this was verified with subject report (e.g., the occlusion effect) and electrode-impedance measurements of ≤7 kΩ on the Intelligent Hearing Systems bio-amplifier (Ferraro 2010) . The insert earphone foam ear tip was re-inserted to the same depth and allowed to fully expand to retain the electrode in the ear canal and maintain its contact with the TM. Pure-tone thresholds were then immediately re-tested in the test group. Threshold shifts for each group were calculated as the difference between the second and first measurements at each frequency.*
In the test group, the TM electrodes were removed after the second pure tone test and otoscopy was performed. Acute areas of redness and accumulation of electrode gel were used to identify contact locations and classify them into four quadrants: anterior superior, posterior superior, anterior inferior, and posterior inferior (e.g., Fig. 1 ).
RESULTS
Test and Control Group Threshold Differences
Threshold shifts are expressed as a function of frequency for test and control groups in Figure 2 . The largest mean threshold shifts in the test group were 7.5 dB (±7.32) at 250 Hz, 4.2 dB (±4.93) at 500 Hz, and 3.89 dB (±6.98) at 8000 Hz. In contrast, mean threshold shifts in the control group were 1.2 dB or less across these frequencies. The range of threshold shifts at these frequencies in the test group was −5 to 25 dB and −5 to 5 dB in the control group. A two-way ANOVA determined the effect of group (test and control) and frequency (250 to 8000) on threshold shifts. Main effects analysis was significant for group (F= 21.82; df = 1; p < 0.0001) and frequency (F= 2.29; df = 7; p = 0.0285) with no interaction between these two factors. Post-hoc t tests with Bonferroni correction for multiple comparisons (α = 0.00625) revealed significant group differences in mean threshold shifts at 250 Hz (t = −2.73; df = 26; p = 0.0057) and 500 Hz (t = −2.50; df = 26; p = 0.0094), respectively.
Electrode Contact Site
We investigated the effect of TM electrode contact location on threshold shifts in 18 ears in the test group (Fig. 3 ). There was an uneven distribution of electrode contact sites, with 44% in the posterior superior quadrant, 28% in the anterior superior quadrant, 17% in the anterior inferior quadrant, and 11% in the posterior inferior quadrant. Given the small sample sizes of each group, meaningful statistical analyses could not be conducted with the present data. No clear relationship between contact location and threshold shift at any frequency is evident (Fig. 3) .
DISCUSSION
The results demonstrate that TM electrodes held in place with foam ear tips caused the largest threshold shifts at 250, 500, and 8000 Hz. These findings suggest that TM electrodes affect hearing sensitivity by altering transmission through the TM; we assume that threshold shifts were conductive in nature, but did not verify with bone conduction tests due to time constraints.
The TM electrodes did not significantly affect midfrequency thresholds. This is consistent with reports of simultaneous measurement of click-evoked ABR wave I from scalp and TM electrodes, which showed that wave I response latencies were not prolonged relative to published normative data when the TM electrode was in place (e.g., Ferraro & Ferguson 1989; Minaya & Atcherson 2015) . If the TM electrodes caused conductive hearing losses in the midfrequency (i.e., 1.0 to 4.0 kHz) range, absolute latencies of all ABR peaks would have increased *We made chirp-evoked electrocochleography measurements from testgroup participants for use in another study. No data were collected to compare electrophysiologic threshold estimates from chirp stimuli to behavioral threshold measures from pure-tone stimuli. SMITH ET AL. / EAR & HEARING, VOL. 37, NO. 4, relative to published norms. Thus, it appears that click-evoked compound action potentials or ABRs are not affected by lowfrequency threshold shifts induced by TM electrodes. There was no apparent relationship between electrode contact location and the magnitude of threshold shifts at any frequency in our small samples of participants. This observation is generally consistent with studies on the relationship between size and location of TM perforations and resulting conductive hearing loss. For example, perforations cause conductive hearing loss in the low frequencies, an effect mediated by the size, not location, of the perforation (Voss et al. 2001; Mehta et al. 2006 ).
We did not control the amount of pressure applied to the TM by the TM electrode. It is possible that the pressure against the TM, as well as the mass of the gel-soaked electrode tip, caused the threshold shifts. TM electrodes likely do not cause a shift in hearing sensitivity when using free field stimuli because expandable foam insert earphones are not used and thus there is less medial pressure imparted on the electrode (e.g., Lichtenhan et al. 2015) . Pure-tone threshold data was solely collected by the first author. While this helped ensure that earphone and TM electrode insertion were standardized to limit threshold shifts due to placement variation, a possible consequence of an unblinded experimenter is biasing pure-tone threshold measures. However, improvement in threshold at some frequencies after TM electrode insertion in some subjects demonstrates that experimenter bias was not an influence on our measures.
The present results should be considered using electrocochleography measurements from low-frequency sound, such as broadband or narrowband chirps (Chertoff et al. 2010 ), lowfrequency tone bursts used to evoke the auditory nerve overlapped waveform (ANOW †; cf. Ferraro et al. 1994; Lichtenhan et al. 2013 Lichtenhan et al. , 2014 , speech-evoked responses (King et al. 2002) , or the low-frequency biasing technique (Brown & Gibson 2011; Lichtenhan 2012) . The next step in verification could be to measure cochlear nerve action potentials and auditory brainstem responses using these stimuli to determine if the behavioral threshold shifts we observed can influence attributes of electrophysiological measurements.
